Abstru -There is considerable evidence that the majority of oligosaccharides are flexible, that is, they exist in many different conformations. How, then, can they act effectively as recognition signals? There must be a mechanism to reduce this flexibility so that the high-affinity, high-specificity, binding characteristic of "recognition" phenomena can be achieved. Specific sets of molecular interactions at individual glycosylation sites are suggested to be responsible. Through such specific interactions, subsets of the total population of a given oligosaccharide could be capable of acting as recognition signals. Since a dominant role is played by interactions with the protein surface at the glycosylation site, we term this mechanism "site-directed presentation". The previously described phenomenon of "site-directed processing" is simply a special case of the more general site-directed presentation phenomenon. Possible molecular models for this phenomenon are reviewed and the experimental bases presented.
INTRODUCTION
The extent to which cell surface carbohydrates are involved in biological recognition phenomena has been under investigation for decades (ref. 1) . A major role for carbohydrates has been well established in the initial binding of many viral and bacterial pathogens. However, despite the early successes in the identification of blood group substances and the discovery of the asialo-glycoprotein receptor in liver, it is only recently that it has been unequivocally confirmed that carbohydrates provide a specific recognition mechanism between different mammalian cell types. The evidence for this mechanism has come from the recent identification of the carbohydrate ligands for the selectins, the molecules responsible for lymphocyte and neutrophil recruitment to endothelial cells at sites of inflammation (ref.
2).
When oligosaccharides bind to proteins it is usually with dissociation constants in the millimolar range and only occasionally, micromolar. Yet it is generally accepted that recognition phenomena require at least nanomolar dissociation constants because of the low effective concentrations of receptors. How, then, can oligosaccharides act as signals? Examination of the thermodynamics of oligosaccharide binding reveals the phenomenon of "entropy/enthalpy compensation" (refs. 3,4) previously described for a wide variety of binding phenomena (ref. 5). Molecular models for the basis of compensation, suggest some answers to the question of how oligosaccharides can act as signals. In the discussion below, experimental evidence in support of the various models is presented and reviewed. The models, in addition, point to possible strategies for the enhancement of oligosaccharide binding affinities.
ENTHALPY-ENTROPY COMPENSATION
What is meant by "compensation" is that, although the enthalpy of binding may vary widely between ligands, the free energy of binding varies much less because more favourable enthalpy of binding is "compensated" by a more unfavourable entropy of binding. Thus, understanding how oligosaccharides can act as signals, translates into understanding how compensation is overcome in recognition systems.
Understanding the molecular basis for compensation is also important for the design of high-affinity, small-molecule, inhibitors of carbohydrate/protein recognition such as, for example, anti-inflammatory drugs.
The "compensation plot" is a convenient way of presenting the thermodynamic data for a wide variety of mono-, di-and oligosaccharides binding to proteins. For each interacting system, points are plotted with coordinates (-AH, -TAS). Many examples of such plots are to be found in the literature (refs. 3-7).
Because -AH = -TAS -AG, points representing interactions with identical AG will fall on a line of slope one and intercept -AG. What is observed is that the experimental values of -AH and -TAS for oligosaccharides binding to proteins are scattered about a line with a slope of approximately 1.1, with an intercept of approximately -5 kcal/mole (ref. 4). Generally, larger ligands have correspondingly more negative values of AH and TAS. The slope of slightly greater than one reflects the fact that larger ligands do have somewhat higher affinities; however, these higher affinities are much less than would be anticipated from the increasingly negative AH because of compensation. From these few observations it is clear that the majority of oligosaccharide binding to proteins is driven by favourable enthalpy of binding and opposed by an entropic barrier. There are a few reports of entropically favourable binding (refs . 7,8) ; however, the points for these interactions still fall on the same general line in the compensation plot if it is extended to the left of the vertical axis. It is essential that the origin of this entropic barrier be identified if we are to understand how oligosaccharides can act as signals and if we are to advance the design of carbohydrate inhibitors of oligosaccharide binding to proteins.
Models for compensation
After extensive review of the literature on a wide variety of binding phenomena, Lumry & Rajender (ref. . Thus there are three prevailing models for the molecular basis of entropy/enthalpy compensation in the binding of oligosaccharides to proteins. All three mechanisms are undoubtedly operative to some extent. The question remains, however, as to which effect is predominant. In the discussion below, experimental evidence for these mechanisms will be presented and reviewed.
X-ray crystallographic evidence for losses in protein degrees of freedom
Christine Wright has solved, by X-ray diffraction, the crystal structures of isolectins 1 and 2 of wheat germ agglutinin (WGA) with and without the bound ligand, NeuSAc(~~2,3)Gal(~l,4)Glc (refs. 11-13) .
Although the uncomplexed isolectins 1 and 2 had previously been solved at 2.0 and 1.8 A, respectively (refs. 12,13) , the structures of the complexes were compared at 2.2 A resolution because this was the best resolution available for both. A comparison of the B-factors for the uncomplexed and complexed protein reveals an overall reduction for the complexed form. More importantly, detailed comparison reveals that several amino acid side chains in the binding site exhibit much lower B-factors in the complex compared to the uncomplexed protein. Other side chains are unaffected by complex formation, having either large or small B-factors in both forms of the protein. In addition, reductions in B-factor are observed remote from the binding site, at the interface between the two monomers which make up the dimer. Since the binding site is located at the interface between the two monomers, Wright suggested that the binding of ligand reduces the relative mobility of the monomers with respect to each other as well as reducing the mobility of specific side chains in the binding site itself. How general this will prove to be must await the accumulation of many more such comparisons. Also, at this point it is not clear how large a contribution to the entropic barrier the observed reduction in mobility would represent.
Experimental evidence for differential solvation Lemieux (ref. 10) has determined the thermodynamic parameters for the binding of a wide range of modified Lewis b tetra-saccharides to the plant lectin Gryoniu simplicifoliu isolectin IV (GS-IV). In general the modifications fall into three categories: (i) those that have no effect on the thermodynamic parameters of binding; (ii) those that abolish binding; and, (iii) those which do not change the affinity, but do cause large compensating changes in the binding enthalpy and entropy. The modifications that fall into the second category generally alter groups which, in the crystal structure of the complex between ligand and protein, are seen to either donate hydrogen bonds to, or accept hydrogen bonds from, the protein (ref. 14) . Hence the drastic loss of affinity is readily understood.
The more interesting category, from the point of view of compensation, is the third category where the affinity is relatively unchanged yet the entropy and enthalpy of binding vary widely. When these data are plotted as a compensation plot they fall on a straight line with slope close to one. However, the data points span a range of approximately 6 kcal/mole in both AH and TAS. These modifications involve groups which appear to be located near the interface between the ligand and the protein, but which do not directly interact with the protein surface, as shown by the preliminary crystal structure of the complex (ref. 14). Lemieux has suggested, therefore, that the compensating alterations in binding entropy and enthalpy result from altered solvation at this interface (ref. 10). The derivative which exhibits the largest changes in enthalpy (AAH = 6.7 kcal/mole) and entropy (TAAS = 5.9 kcal/mole) is that in which the crl,4-linked fucose residue is substituted by its 3-deoxy derivative. One interpretation of the Lemieux model, would require that this modification lead to less water being bound at the interface between the ligand and the protein, hence creating a smaller entropic barrier together with the loss of favourable enthalpic interactions. Such a situation could arise if the 3-hydroxyl interacted with the protein surface through bound water(s) which were not bound in the absence of the ligand. The net increase in bound water on complex formation, through the creation of new binding sites in the complex, has been termed the "Reversed Hydrophobic Effect" by Goodford who has developed a program to locate water binding sites (ref. 15 ). An alternative explanation of these data, one which is in keeping with the next model, is presented below.
Experimental evidence for losses of ligand flexibility
Before arguing that the entropic barrier arises primarily from losses in ligand degrees of freedom, it is helpful to review the evidence for flexibility in oligosaccharides. The introduction of the ensemble representation for oligosaccharides in solution (refs. 16,17) was driven by the finding that, in many cases, NMR observables calculated as ensemble averages gave better agreement than those derived from single structures (refs. 16-18) . Others have since obtained similar results (refs. 19-22) . Three lines of evidence support the existence of flexibility about the torsional angles of glycosidic linkages in certain oligosaccharides and provide some insight into the time scale for the interconversions between conformations. These lines are: potential energy calculations; molecular dynamics simulations; and, comparisons of sets of NMR measurements obtained at different magnetic field strengths.
The kind of evidence available is illustrated below with data for the partially deuterated disaccharide, Man(al,3)Manpl-OR, which we have previously studied (refs. 23,24) . Potential energy surfaces for this disaccharide show up to six broad, shallow, minima, the number depending on the approach used (ref.
25). In the in vucuo molecular dynamics simulations of this disaccharide all minima are sampled (ref.
26) and transitions occur between the different energy minima on a time scale of once every 10-100 ps.
Similar results have been obtained with other disaccharides using a variety of force fields in vucuo (refs. 27-29) . Simulations which include explicit water molecules, if they show any transitions, do so on a much longer time scale (28,29; J.P. Carver & J.W. Brady, unpublished results). In the aqueous simulations, the time scale of transitions is acutely sensitive to the balance between intra-and intermolecular hydrogen bond strengths and, therefore, on an appropriate choice of charges (30; J.W. Brady, personal communication). Such effects are of particular importance for oligo-saccharides because of their large number of potential hydrogen bonding groups. Because of these considerations, it is not yet clear how reliable are the findings of markedly slower rates of conformational transitions in aqueous simulations compared to those found in simulations in vacuo. Given this uncertainty, it is important to seek direct experimental determination of the time scale for transitions. Knowledge of these time scales is necessary since the calculation of NOE's requires some assumption as to their relative magnitudes (ref.
31).
Evidence from NMR for rapid internal motions in olieo-saccharides, The dependence of NOE values on the magnetic field strength is a direct way to probe the time scale of conformational transitions. If the time scale is comparable with the overall tumbling, as predicted by the in vucuo simulations, then this should be evident in these kinds of experiment. In particular, the ratio of the NOE's at two different field strengths should differ for those hydrogens relaxing with neighbouring hydrogens within fixed distances (i.e neighbours on the same pyranose ring) versus those relaxing with neighbours at fluctuating distances (i.e. across the glycosidic linkage) (ref. 32). The partially deuterated disaccharide, Man(c~1,3)ManPlOMe, provides an ideal molecule with which to examine this question. Because of the substitution of deuterium for H-2',H-3',H-4',H6R' and H6S' of the al,3-linked residue, the relaxation pathways are primarily across the glycosidic linkage for the remaining two protons of this residue; whereas, for the &linked residue, the protons relax primarily with protons at fixed distances within the same residue.
Determination of the ratio of NOE's at 300 MHz and at 500 MHz for both classes of relaxation pathway reveal a mean value of 1.2 for fluctuating distances and 1.6 for fixed distances (ref. The different ratios for the NOE's can only arise if there is significant relaxation through internal motions in the disaccharide. For these internal motions to contribute significantly to the relaxation their time scale must be comparable to that of the overall tumbling, i.e.
Estimation of the magnitude of conformational entropv contributions, The internal consistency of the experimental and theoretical approaches described above suggests that the potential energy surfaces can be used with some confidence to derive other properties. The most important property for the purposes of this discussion is the calculation of the conformational entropy associated with the fluctuations in the torsional angles about the glycosidic linkage. The conformational entropy, S, associated with an ensemble can be calculated as:
where the sum is over all the conformations, pi is the probability of the ith conformation occumng in the ensemble and R is the gas constant. The absolute value of the conformational entropy calculated using the above expression is dependent on the number of conformational states considered. Therefore, to compare the conformational entropy associated with different oligosaccharides, it is necessary to perform the calculations using identical numbers of conformations for each oligosaccharide. 
An alternative explanation of the data of Lemieux
The data on modified Leb-tetra-saccharides reported by Lemieux (ref. 10 ) must be explained by any model for compensation. There is an alternative explanation to that put forward by Lemieux. In determining AH and AS what is measured is the change in the thermodynamic quantity on going from the isolated components to the complex. Thus changes in the primary structure of the ligand can alter the measured AH or AS by altering the entropy or enthalpy of the complex, as is usually assumed, or by altering the enthalpy or entropy of the isolated components. The latter is a possible explanation for the data of Lemieux. For example, consider the modification which shows the greatest AAH and TAAS, the substitution by hydrogen of the 3-OH of the crl,4-linked fucose residue. The observation is that the absolute value of the enthalpy and entropy changes on binding are reduced for the deoxy compound. The conventional interpretation is that the reduction in the entropy and enthalpy changes arises from a higher entropy and enthalpy for the complex with the deoxy derivative compared to the complex with the unmodified tetra-saccharide. In the Lemieux model this would have resulted from the loss of binding sites for water in the complex with the deoxy derivative relative to the complex with the unmodified tetra-saccharide. The alternative interpretation would be that the reduction in the absolute values of AH and TAS arises from a lower enthalpy and entropy for the isolated deoxy derivative compared to the isolated unmodified tetra-saccharide. How might this happen? There are many possibilities, for the sake of having a simple visual model one might postulate that the removal of the 3-OH allows better van der W a a l s contact between the fucose and the rest of the tetra-saccharide. Such a stabilizing interaction would lower the enthalpy and the entropy. One might, at first glance, anticipate that the NMR spectrum and inter-residue NOE patterns would be altered if one compared the deoxy with the unmodified tetrasaccharide, particularly if one thinks of them as rigid structures. However, if one considers the possibility of an ensemble of three-dimensional structures then it is immediately evident that the distribution of such structures can be made more narrow (hence reduced entropy) without altering the average properties, which are the only parameters that can be observed. These alternative models can be explored experimentally. It is of course quite possible that both mechanisms are important with the relative importance varying from system to system.
POSSIBLE ROUTES TO HIGHER AFFINITIES FOR OLIGOSACCHARIDE LIGANDS
Based on the above discussion it is clear that the generation of high affinity/high specificity signals, or the design of more effective inhibitors of protein/carbohydrate interactions, requires finding a way to overcome compensation. Either (i) the entropic barrier will have to be reduced without loosing the enthalpic stabilization, or (ii) the enthalpic stabilization will have to be increased without increasing the entropic barrier; ideally, both. The different molecular models for compensation suggest different strategies to accomplish these goals. All three models require a detailed knowledge of the threedimensional structure of the complex before specific design strategies can be formulated, although general principles can be deduced for the Lemieux and Carver models. The obvious strategy based on the Carver model is to produce ligands with reduced flexibility thus reducing the entropic barrier. If this can be accomplished while maintaining a distribution of three-dimensional structures in which the structure of the bound ligand is equally (or more) populated there should be no loss in enthalpic stabilization and tighter binding should result. For the Lemieux model one might suggest that the replacement of as many of the non-essential hydroxyls as possible would avoid the creation of new water binding sites and hence reduce the entropic barrier. Lemieux has synthesized such compounds and found, in contrast to the above prediction, that the modified compounds bind more weakly than the parent compound (ref. 6 ).
The strategy of synthesizing conformationally restricted ligands has been explored by Hindsgaul (refs. 34, 35) in an attempt to find a better inhibitor for GlcNAc-transferase V. This enzyme adds GlcNAc in a 0-linkage at position 6 of a mannose residue linked a1,6 to a 0-linked mannose (or glucose) in the oligosaccharide substrate. Since it is known from NMR studies that an equilibrium exists between two rotamers (gg and gt) about the C5-C6 bond in the d , 6 linkage (ref. 36), Hindsgaul synthesized two different pairs of restricted rotamers. The first approach used a method described by Lemieux (ref. 37) to stereo-specifically replace one or other of the hydrogens at C6 of the @-linked glucose by a methyl group. Because of steric conflict with the 4-OH, neither 0 6 nor the methyl populate significantly the position trans to 05 and one rotamer predominates. For the isomer with the methyl at the 6s position, 0 6 is trans to H5 (gg rotamer), whereas for the other isomer 0 6 is trans to C4 (gt rotamer). Another pair of substrates was later synthesized by Lindh & Hindsgaul (ref. 35) in which rotation about C W 6 was completely restricted. Once again two isomers resulted, gg and gt. Unfortunately, the two sets of restricted rotamers gave contradictory results. For the compounds in which C5-C6 rotation was completely restricted, the gg-rotamer was a 2-fold better substrate, while the gt rotamer was 20-fold worse, when compared to the corresponding unrestricted substrate. Unfortunately, because these are enzymatic reactions, it will be difficult to determine whether the effects are predominantly on the binding enthalpy or the entropy.
In an attempt to establish whether the altered affinities of restricted ligands arise primarily from enthalpic or entropic effects, my laboratory has applied the Hindsgaul approach to the interaction of pea lectin with The prediction is that the derivative with the 6-OH restricted primarily to the gg-rotamer should show enhanced affinity, predominantly through a reduction in the absolute value of AS, while the gt-rotamer should show lower affinity as a result of an overwhelmingly less negative AH, accompanied by a lesser reduction in the absolute value of AS. Based on the estimates of the conformational entropy per linkage angle given above, one might expect AAG to be 1-2 kcal/mole, at room temperature, corresponding to an 7-50 fold reduction in the KD. Preliminary results from the inhibition of erythrocyte agglutination show the ggrotamer to inhibit approximately 2-fold better than the unmodified mono-saccharide, whereas the gtrotamer inhibits at least ten times worse, if at all. Modelling studies in which the two isomers were docked into the mannose binding site in the crystal structure of pea lectin, indicate that, for the ggrotamer, there should be unfavourably close contacts between the methyl group at C6 and the side chain of phenylalanine 123. It is likely, therefore that some of the anticipated reduction in the entropic barrier is offset by a reduction in the enthalpic stabilization -another form of compensation! Whether or not this is occumng should become clear as soon as the thermodynamic data are available.
"SITE-DIRECTED PRESENTATION" OF CARBOHYDRATE LIGANDS
Returning to the question of how high affinity carbohydrate/protein interactions are generated naturally, it is clear that compensation must be overcome. An obvious mechanism, observed with viruses, bacteria, antibodies and the asialo-glycoprotein receptor, is multivalency which gains high avidity at the cost of specificity (ref. 4) . But are there others that guarantee high specificity as well as affinity? At first glance, all three explanations of "compensation" in the binding of free oligosaccharides to proteins would suggest that the same oligosaccharide when covalently linked to a carrier would have the same low affinity for its carbohydrate receptor, regardless of the carrier to which it is covalently linked. Yet there is considerable evidence that the nature of the carrier can influence the specificity and affinity of oligosaccharide binding to its receptor, a phenomenon we suggest is best described by the term "sitedirected presentation". Models for the molecular basis of site-directed presentation should provide explanations of why only certain subsets of the total population of a given cell-surface oligosaccharide, actually lead to high affinity binding.
On detailed examination, it becomes clear that both the Lemieux and the Carver models can be extended to provide possible explanations of site-directed presentation. If the Lemieux and Carver models are expanded to include interactions between the covalently attached carbohydrates of glycoconjugates and the molecular surface adjacent to the site of linkage, then differential specificity between different sites can be achieved and "compensation" can be overcome. For the Lemieux model this interaction would require differential organization of water at the interface at different attachment sites; a reasonable expectation since different chemical groups would be present. For the Carver model, the molecular basis for site-directed presentation follows as a natural extension of our earlier model for "site-directed processing" (refs. 38,39) describing the phenomenon whereby different oligosaccharide primary structures occur at different glycosylation sites on the same glycoprotein, despite the fact that all glycosylation sites on the glycoprotein are exposed to the same set of processing enzymes. The Carver model would require that there exist differential degrees of constraint on the ensemble of oligo-saccharide three-dimensional structures at different sites of attachment; again, a reasonable expectation since different chemical groups would be present at different glycosylation sites. In both cases, differential amounts of conformational entropy would have been lost at each site before the rigand is bound to the receptor. This would lead to a range of possible affinities. Based on the calculations presented above, it would only be necessary to "pre-immobilize" on the order of three linkage angles to lower the I(D one thousand-fold and obtain the nanomolar affinities required for effective signals.
